Tigecycline is regarded as a last-resort treatment for carbapenem-resistant Enterobacteriaceae (CRE), however, the emergence of tigecycline heteroresistance has posted the therapeutic challenge to combat this "nightmare bacteria". The primary purpose of this study was to demonstrate the existence of tigecycline heteroresistance in carbapenemresistant E. cloacae (TH-CRECL) and further to explore the epidemiological characteristics and underlying molecular mechanisms. Our study identified a relative low prevalence of carbapenem-resistant E. cloacae (CRECL) isolates, about 20.0% (28/140), as heteroresistance to tigecycline. Molecular genetic relatedness of these heteroresistant isolates were characterized epidemiologically sporadic. In addition, mechanistic analysis revealed that Phe-Arg-β-naphthylamide (PAβN) significantly reversed tigecycline MIC levels of resistant colonies in heteroresistant strains, as primarily related to the marked overproduction of efflux pump genes acrAB and oqxAB, as well as overexpression of transcriptional regulators (soxS and ramA). Moreover, logistic regression analysis showed that previous fluoroquinolone therapy was identified as the only potential independent risk factor for the acquisition of TH-CRECL. Most importantly, our data indicated that patients with TH-CRECL infection might lead to a remarkably prolonged hospital stay and deterioration in functional status. These findings emphasized the necessity of timely detection and intervention of patients infected with TH-CRECL.
Introduction
Enterobacter cloacae (E. cloacae) has been acknowledged as an important and opportunistic pathogen responsible for a broad range of hospital-acquired infections [1] . The rapid increase in these infections caused by carbapenem-resistant E. cloacae (CRECL) has raised growing concern worldwide, which definitely necessitates the availability of ideal antimicrobial agents [2] [3] [4] . Tigecycline and colistin exhibit satisfactory activities in vitro against serious infections caused by these pathogens [5] . Current evidence suggests that colistin has a narrow therapeutic window, and parenteral administration of colistin has the potential adverse effects of neurotoxicity and nephrotoxicity [6] , thus making that tigecycline could be considered as a last-resort drug to treat these serious CRECL infections, especially in some countries where colistin is not commercially available, including in China.
Tigecycline, the first member of glycylcycline antibacterial agents, displays excellent activity against a variety of clinically "difficult-to-treat" microorganisms [7] . Similar to some older tetracyclines, tigecycline can reversibly bind to bacterial 30S ribosomes to halt protein biosynthesis, ultimately limiting the bacterial growth. The main mechanism of tigecycline resistance is the upregulated expression of resistance-nodulationdivision (RND) efflux systems, such as, AcrAB in Escherichia coli [8] , AcrAB together with OqxAB in Klebsiella pneumonia and E. cloacae [9] , as well as AdeABC in Acinetobacter baumanni [10] . In addition, overexpressed global transcriptional regulators of these efflux pumps, such as ramA, marA, and soxS, also occupied an irreplaceable position in tigecycline resistance [11, 12] . However, tigecycline non-susceptibility in clinical strains could be underestimated when performing the traditional susceptibility testing in vitro, possibly due to heteroresistance, which can be defined as the appearance of a resistant division within entirely susceptible germs. Clinical significance of this phenomenon could be considerable, because less susceptible subpopulations might be picked under antibiotic treatment. More importantly, tigecycline is considered as a promising therapeutic option for infections caused by CRE [13] . Emerging tigecycline heteroresistance in CRE posts a diagnostic and therapeutic dilemma for the clinicians, thus further reducing the availability of ideal antibiotic agents to combat this "nightmare bacteria". To date, information regarding the tigecycline heteroresistance in CRE remains elusive. Our previous study revealed that, among all the CRE isolates collected in our region, the highest carbapenem resistance rate was observed in E. cloacae [3] . Therefore, this present study was initiated to explore into the tigecycline heteroresistance in this species. Moreover, no studies have focused on the mechanisms of tigecycline heteroresistance among clinical carbapenem-resistant E. cloacae isolates. In addition, data on the identification of patients with TH-CRECL infection may potentially help the clinicians in deciding upon antibiotic therapies and effectively reduce the burden of tigecycline heteroresistance in clinical settings.
Accordingly, the purposes of our investigation were as follows: (i) to confirm the prevalence of tigecycline heteroresistance among the carbapenem-resistant E. cloacae strains isolated from nosocomial infections; (ii) to investigate the molecular epidemiology of these TH-CRECL strains; (iii) to explore the underlying mechanisms of parental strains and their resistant subpopulations in the TH-CRECL infection; (iv) to identify the potential risk factors and clinical outcomes of patients with TH-CRECL infection.
Materials and methods

Study setting and strains collection
A retrospective analysis of tigecycline heteroresistance in carbapenem-resistant E. cloacae was conducted between January 2014 and December 2017. We had collected 140 non-repetitive and tigecycline-susceptible carbapenem-resistant E. cloacae isolated from patients with various clinical infections in the first affiliated hospital of Chongqing Medical University and two branch hospitals in Southwest China. The VITEK2 compact or VITEK MS automated system (bioMerieux, Hazelwood, MO, United States) was applied for identification of bacterial species and measurement of minimum inhibitory concentration (MIC) values for different antibiotics. According to the recommended guidelines of the Clinical and Laboratory Standards Institute (CLSI, M100-S27), the tigecycline MIC levels of CRECL isolates were further determined by standard broth microdilution methods. The breakpoint criteria of MICs for tigecycline was based on the latest FDARecognized Susceptibility Test Interpretive Criteria, ≤2.0 mg/L as susceptible, 4.0 mg/L as intermediate, and ≥8.0 mg/L as resistant. The E. cloacae ATCC 13047 was used as a reference strain. Disk diffusion containing 15μg of tigecycline was placed on Mueller-Hinton agar (MHA) coated with 0.5 McFarland standard bacteria suspension for detection of tigecycline heteroresistance. After 24 h of incubation at 35°C, the obviously visible growth of subpopulations within the inhibitory zone was defined as tigecycline heteroresistance in carbapenem-resistant E. cloacae (TH-CRECL), while the absence of colonies within inhibition halo were considered as non-tigecycline heteroresistance in carbapenem-resistant E. cloacae (NTH-CRECL).
PAP analysis and passage stability PAP (population analysis profile), a gold standard method for determining heteroresistance, was conducted according to our previously reported protocol [14] . Briefly, an aliquot of 100 microliters of 10-fold serially diluted 0.5 McFarland suspension was plated onto MHA plates with tigecycline concentrations of two-fold change gradient from 0.125 to 64 mg/L. Following 48 h of incubating at 37°C, the amounts of colonies were calculated. The analysis was conducted in three replicates. To assess the passage stability of the heteroresistant phenotype, single independent subpopulation growing closest to the paper disk were randomly selected to subculture repeatedly in antibiotic-free medium for over two weeks, and the tigecycline MICs and disk diffusion test were reperformed.
Growth curve and time-killing assay
Growth curve assays were performed as previously described [15] . Basically, bacteria grew overnight to reach plateau. Then, a 1:100 dilution of saturated culture was mixed into fresh Luria-Bertani broth and shaken at 37°C at 150 rpm. The absorbance of the bacterial medium at 600 nm was determined each hour. The tests were repeated three times, and the means absorbance were applied to calculate the exponential growth rates of the native heteroresistant strains and its resistant subpopulations. The time-killing assays were performed on randomly selected five TH-CRECL strains, on the basis of previously published paper [16] .
Detection of antibiotic-resistant genes and efflux pump inhibitory assay
All the TH-CRECL strains were detected the common carbapenemase-related genes including NDM, KPC, VIM, SME, OXA-48,and IMP, and ESBLs genes including TEM, SHV, CTXM and OXA-1 genes by using primers as reported previously [17] . To assess the role of efflux pumps in TH-CRECL parental strains and their resistant subpopulations, the recognized efflux pump inhibitors (EPI) carbonyl cyanide m-chlorophenylhydrazone (CCCP, 16 mg/L, Sigma) [9] and Phe-Arg-β-naphthylamide (PAβN, 20 mg/L, Sigma) [18] were used to inhibit efflux function at tigecycline MIC values by the standard broth microdilution method. Compared with the absence of EPI, the MIC value of tigecycline was decreased by at least 4 times after the addition of EPI, which was considered to be a significant suppression of the efflux pumps [9] .
Quantification of efflux pumps genes
In the native strains and their respective resistant subpopulations, qRT-PCR assays were performed to determine the expression of RND efflux systems related some efflux genes including acrA, acrB, oqxA, and oqxB, and their transcriptional regulatory genes ramA and soxS. All tested strains had positive results in EPI assays as mentioned above, and primer sequences were displayed in Table S1 . The relative expression level of each target gene was analyzed according to the 2 −ΔΔCT method [19] . The housekeeping gene rpoB was used as an internal reference gene, and the expression level of each target gene in the resistant subpopulations were compared to the corresponding gene expression of their respective native strain.
Risk factors and clinical outcomes of TH-CRECL infection
We analyzed the host-related factors and clinical outcomes of patients with TH-CRECL infection through a retrospective case-control study. All hospitalized patients with positive cultures of TH-CRECL were considered as case group, while patients infected with NTH-CRECL were defined as the control group. We collected the detailed characteristics of infected patients from medical records and microbiological databases, including age, gender, transfer from other hospital, 30-day readmission, admission to ICU, primary diseases and conditions, medical invasions within one month, previous antibiotic therapies within three months, as well as some parameters related to the patients' clinical outcomes.
Molecular epidemiological study
PFGE was performed as previously described in all the TH-CRECL strains, and banding patterns were interpreted according to the recommended criteria [16, 20] . Similarly, multi-site sequence typing (MLST) was performed by sequencing of seven reference genes and analyzed for all TH-CRECL isolates on the E. cloacae MLST database (https://pubmlst.org/ ecloacae/).
Statistical analysis
To determine the potential factors for acquiring the TH-CRECL traits, a univariate analysis was conducted by comparing the TH-CRECL and NTH-CRECL groups. The comparisons of categorical variables were presented as frequency and percentage by using Fisher's exact test or Chi-square test. The calculations of continuous variables were expressed as a median and interquartile range (IQR) using two simple t-test or Wilcoxon rank sum test, depending on whether the data is normal distribution. All variables with a P value <0.10 in a univariate analysis were incorporated into a risk factor model. Additionally, the final selected model was tested for confounding and collinearity. If a covariate affected the β-coefficient of a variable in the model by >10%, then the confounding variable was maintained in the multivariate model. The odds ratio (OR) and their 95% confidence interval (CI) were calculated to assess the reliability of each potential predictor. For all analyses, a P value <0.05 was defined to be statistically significant. All statistical calculations were conducted with SPSS v.21.0 software (SPSS Inc., Chicago, IL, USA).
Ethical considerations
This retrospective cohort study was reviewed and approved by the Biomedical Ethics Committee of the First Affiliated Hospital of Chongqing Medical University.
Results
First identification of TH-CRECL strains
In this work, we first found the presence of tiny and scattered colonies in the clear zone of inhibition surrounding the tigecycline disks in CRECL isolates ( Figure 1A) . Additionally, the original strains and their resistant subpopulations displayed similar PFGE band patterns ( Figure 1B ), indicating that they were isogenic. In addition, the growth kinetics of native cells and their tigecycline-resistant homologous populations showed a rapid growth in the absence of any selective pressure, suggesting that subpopulations of heteroresistant isolates were distinct from the bacteria tolerance that exhibited a slow growth trait [21] . PAP assays confirmed the resistant subcolonies of all five randomly selected heteroresistant strains could grow in tigecycline concentrations at high as 16 mg/L ( Figure 1D ). In bactericidal kinetic assay, we observed a temperate killing effect on 4 × MIC that was followed by an appreciable re-growth after longer incubation (≥24 h), but the control isolate (E. cloacae ATCC 13047) was quickly eliminated ( Figure 1E ). It suggested that a small number of heteroresistant colonies could not be inhibited under the pressure of tigecycline. Notably, the resistant subcolonies exhibited a minimum of the four-times ascension of tigecycline MIC values compared to their original strains (Table 1) . Furthermore, after subculture for 15 days in antibiotic-free medium, the selected strains maintained the stable stage of tigecycline resistance and heteroresistant phenomenon (Figure 2) . Collectively, our results revealed the existence of tigecycline heteroresistance in clinical carbapenem-resistant E. cloacae.
Clinical features of TH-CRECL isolates
Among 140 non-duplicate E. cloacae strains, 28 isolates (28/140; 20.0%) were identified as heteroresistance to tigecycline and distributed sporadically each year (Figure 3 ). More than one-third of the TH-CRECL isolates were isolated from drainage liquid (10/28; 35.7%), followed by sputum (8/28; 28.6%), urine ( Figure 3) . It is worth noting that all harboured carbapenemase genes isolates were the positive of β-lactamases.
Molecular epidemiology of TH-CRECL strains
The detailed characteristics of the molecular epidemiology of the TH-CRECL strains were displayed in Figure 3 . The molecular typing of all the TH-CRECL isolates was grouped into 21 different PFGE patterns. MLST results demonstrated that ST97 was the most prevalent genotype in all TH-CRECL isolates (4/28, 14.3%), followed by ST177 (3/28, 10.7%) and ST93 (2/27, 7.14%). Of interest, novel ST1075, ST1076 and ST1077 were found and submitted to the MLST database. Combined with results of PFGE and MLST, no strong epidemiological relationship among these TH-CRECL isolates.
Molecular mechanisms of TH-CRECL strains
After the addition of CCCP (Carbonyl cyanide 3-chlorophenylhydrazone), the tigecycline MICs of the heteroresistant isolates and their resistant subpopulations were not significantly reduced, and the reference isolate was also unaffected either (Table 1) . However, compared to absence of any EPI (Efflux pump inhibitors), we had detected the tigecycline MICs reduced at least four-fold by the addition of PAβN (Phe-Arg-β-naphthylamide), in 60.7% (17/28) of the TH-CRECL parental strains and 50% (14/28) of their resistant colonies, respectively (Table 1) . Moreover, all the resistant subpopulations of positive EPI results exhibited similar inhibitory effects of the native strains after exposure to PAβN. The relative expression of the RND efflux pump genes and their regulators were presented in Figure 4 . Significant upregulations of acrA (1.40-5.18 folds) or acrB (1.33-5.45 folds) were detected in 78.6% (11/14) TH-CRECL isolates. Compared with the original strains, significantly overexpressed the mRNA levels of oqxA (1.51-3.42 folds) or oqxB (1.46-2.11 folds) were observed in 28.6% (4/ 14) TH-CRECL resistant subpopulations. Regarding efflux pump regulator genes, we found that 57.1% (8/ 14) of TH-CRECL isolates were the presence of upregulated ramA gene (10.24-356.7 folds), while three TH-CRECL isolates were observed overexpression of soxS gene in their resistant subpopulations (1.95-4.49 folds). Notably, AcrAB efflux pump might be more common related to tigecycline heteroresistance than the oqxAB efflux pump (78.6% vs. 28.6%; P = 0.021). Only one TH-CRECL isolate was not overexpressed any efflux pump genes and their regulator genes. Overall, these data suggested that upregulations of RND efflux system were significantly associated with tigecycline heteroresistance in CRECL isolates.
Potential risk factors and clinical outcomes of TH-CRECL infections
The potential factors and outcomes of patients with TH-CRECL infections were shown in Table 2 . The univariate analysis indicated that patients with transferring from other hospital, admission to ICU, solid malignancies, respiratory diseases, respiratory infections, tracheal intubation, and previous application of fluoroquinolone were more vulnerable to have the TH-CRECL infection (P < 0.05). In multivariate logistic regression analysis, previous fluoroquinolone therapy within 3 months (OR [Odd ratio] = 6.516, 95% CI [Confidence Interval] = 2.159-19.665; P < 0.001) was the only factor for the acquisition of TH-CRECL strains (Table 3) . We found a significant difference in overall length of hospital stay (28.3 days vs. 23.4 days; P = 0.009) and status deterioration (OR = 3.046, 95% CI = 1.117-8.307; P = 0.037) between cases and controls. Additionally, three cases (10.7%) with TH-CRECL infection died in this study, but no significant difference in hospital mortality was observed between the two groups. 
Discussion
Heteroresistance described a phenomenon where population-wide within a pathogen exhibited diverse susceptibilities to a certain antibiotic, which was considered as a preliminary stage for entirely evolving from susceptibility to resistance [22] . In the present study, our results showed that 20.0% of clinical carbapenem-resistant E. cloacae isolates were identified as tigecycline heteroresistance, which was relatively lower than our previous reports on carbapenem heteroresistance in E. coli (34.3%) and Pseudomonas aeruginosa (84.9%) [14, 16] . The most likely explanation for this difference, at least partially, was that tigecycline was not the usual drugs used in some serious and complicated salvage therapy in our hospital. On the other hand, the additive structure of minocycline molecule provided the tigecycline the capability to overcome the classical resistance mechanisms and reduce susceptibility to the antibiotic resistance development [23] . Additionally, molecular epidemiological analysis has ruled out the potential outbreak of these TH-CRECL strains. Moreover, antibiotic susceptibility data and resistance genes amplification confirmed that the TH-CRECL strains have multidrug-resistant profiles, suggesting that the emergence of tigecycline heteroresistance might further reduce the therapeutic choices in CRE strains. A recent study on Salmonella enterica has shown that tigecycline heteroresistance was related to the upregulated AcrAB and OqxAB efflux systems [24] . Consistent with results from the above-mentioned report, we observed that resistant subpopulations in tigecycline heteroresistance in carbapenem-resistant E. cloacae displayed a significant overexpression of AcrAB and/or OqxAB efflux pumps compared to their respective native isolates. The efflux pump regulators ramA and/or soxS were showed the increased mRNA level in resistant subpopulations of heteroresistant strains, in line with a previous study on the tigecycline resistance mechanism [25] . One possible explanation for this finding might be that the overexpressed AcrAB-TolC complex extruded a variety of substrate specificity, and decreased the susceptibility to most antibiotics [26] . Interestingly, we observed one strain with the reduced MIC levels under pressure of PaβN, but not showed the overexpression of any efflux pumps and regulators, possibly due to other RND efflux systems might be involved in the procession of tigecycline heteroresistance.
In contrast to the in vitro evolution of resistance predating use of tigecycline in Klebsiella pneumonia [9] and E. coli [27] , our study found that all the patients with TH-CRECL infections did not receive any tigecycline treatment. Interestingly, our finding demonstrated that previous fluoroquinolone therapy within three months increased the possibility of acquiring the TH-CRECL infection. It is reasonable to posit that fluoroquinolones are transferred by the same efflux systems (AcrAB and OqxAB) as tigecycline, which could facilitate the upregulation of RND efflux pumps and enhance the ability of tigecycline export, thus making the bacteria survive in the higher concentrations of tigecycline. Furthermore, E. cloacae isolates with overexpressed AcrAB efflux pump displayed a MDR phenotype [11, 28] , which may be a possible explanation for TH-CRECL bacteria cross-resistance to multiple other antibiotics. Surprisingly, our study revealed that patients infected with TH-CRECL strains showed significantly longer stay of hospitalization and poorer clinical outcomes than patients with NTH-CRECL infection. One possible explanation for this finding might be the overexpressed efflux pumps of TH-CRECL strains significantly increased the antimicrobial resistance and showed the bacterial multidrug resistance phenotype, thus leading the patients to a longer duration of hospitalization and higher morbidity [29, 30] . Another possible explanation could be that RND-type efflux pumps were involved in the virulence factors production and biofilm formation, resulting in some serious diseases or invasive infections [31, 32] . However, in-hospital mortality was no statistical significance, probably due to the limited number of cases with TH-CRECL infection in this study.
Regarding the treatment of heteroresistant infection, one previous study revealed that colistin heteroresistance could be inhibited by using colistin in combination with tigecycline or rifampin [33] . Moreover, combinations of some active antibiotics were also significantly associated with a reduced death in CRE patients [34] . Given that amikacin and colistin display the relative excellent activities against TH-CRECL pathogens in our study, it is reasonable to consider the combination regimens of amikacin (or colistin) with tigecycline to prevent the resistant subpopulations in these isolates.
It should be highlighted the importance of screening for the heteroresistance in clinical isolates. For the treatment of CRE infection, we recommended the routine screening of disk diffusion or E-test to detect the tigecycline heteroresistance in CRE isolates. Moreover, clinicians and microbiologists should be aware of the underlying threaten of this new emerging phenomenon. It is a critical need to timely detect and improve identification of the heteroresistant strains and further optimize combination therapies to eradicate them.
This study has some limitations. First, our analysis has the limited sample size for this new emerging phenomenon. However, the clinical impact of tigecycline heteroresistance in CRE is of great importance to antibiotic treatment, thus needing a special concern. Second, due to the findings of this study based on the statistical inference and hypothesis, subsequent research should exhaustively explore the functions of RND efflux system in tigecycline heteroresistance.
In conclusion, our study for the first time described the clinical and molecular characteristics of tigecycline heteroresistant in carbapenem-resistant E. cloacae. Mechanistic analysis revealed that this phenomenon could be associated with the overexpression of AcrAB and OqxAB efflux pumps. In addition, previous fluoroquinolone therapy was identified as the only predictor for the acquisition of TH-CRECL strains. For clinical outcomes, patients infected with TH-CRECL strains might lead to a longer hospital stay and a worse deterioration. Our future study will be focused on the screening some new antibiotics for monotherapy or combinations to intervene the heteroresistance development.
